Abstract. Epitope mapping is an important tool for the development of monoclonal antibodies, mAbs, as therapeutic drugs. Recently, a class of therapeutic mAb alternatives, adnectins, has been developed as targeted biologics. They are derived from the 10th type III domain of human fibronectin ( 10 Fn3). A common approach to map the epitope binding of these therapeutic proteins to their binding partners is X-ray crystallography. Although the crystal structure is known for Adnectin 1 binding to human epidermal growth factor receptor (EGFR), we seek to determine complementary binding in solution and to test the efficacy of footprinting for this purpose. As a relatively new tool in structural biology and complementary to X-ray crystallography, protein footprinting coupled with mass spectrometry is promising for protein-protein interaction studies. We report here the use of fast photochemical oxidation of proteins (FPOP) coupled with MS to map the epitope of EGFR-Adnectin 1 at both the peptide and amino-acid residue levels. The data correlate well with the previously determined epitopes from the crystal structure and are consistent with HDX MS data, which are presented in an accompanying paper. The FPOP-determined binding interface involves various amino-acid and peptide regions near the N terminus of EGFR. The outcome adds credibility to oxidative labeling by FPOP for epitope mapping and motivates more applications in the therapeutic protein area as a stand-alone method or in conjunction with X-ray crystallography, NMR, site-directed mutagenesis, and other orthogonal methods.
Introduction

E
pitope mapping is an important step in the characterization of monoclonal antibodies (mAbs) for their use as therapeutic drugs. Therapeutic applications of mAbs are emerging or under development for oncology, autoimmune diseases, inflammatory disorders, and organ transplantation. Recently, a new class of biologics that mimic the binding region of mAbs, adnectins, has been developed as therapeutic mAbs analogs [1] [2] [3] .
Adnectins are a class of biologics developed from the 10th human fibronectin type III domain ( 10 Fn3), and they bind target proteins as potential therapeutic agents [1] [2] [3] [4] [5] [6] . 10 Fn3 is a small (10 kDa), highly stable, and soluble β-sandwich protein that resembles an immunoglobulin variable domain but has no disulfide bonds [7] [8] [9] [10] . The protein fold contains three solvent-exposed loops, termed BC, DE, and FG, which are structurally analogous to antibody complementarity-determining regions (CDRs) and tolerant to extensive mutations [4] . Mutations in the loops can impart different binding capacities to the 10 Fn3-based variants. Therefore, adnectins can have similar functions as therapeutic monoclonal antibodies by binding with high affinity to their targets. The first adnectin tested in preclinical and phase I studies, CT-322, targets vascular endothelial growth factor receptor-2, giving some desired pharmacologic effects [11] [12] [13] [14] .
Epidermal growth factor receptor (EGFR), a member of the ErbB receptor family, mediates cell proliferation, differentiation, survival, angiogenesis, and migration [15] . EGFR has been implicated in many human cancers [16] . Its structure consists of an extracellular domain (exEGFR), a transmembrane domain, and an intracellular tyrosine-kinase domain. Cell signaling is initiated by binding of ligands, such as EGF, to exEGFR, followed by dimerization of EGFR and phosphorylation of specific EGFR tyrosine residues [15] . We recently studied the effects of dimerization and subsequent phosphorylation by mass spectrometry (MS)-based footprinting of one family member attached to a membrane [17] . Tyrosinephosphorylated receptors serve as docking sites for intracellular signaling proteins, which initiate many signaling cascades to produce a physiological outcome [18] . This EGFR signaling network is often dys-regulated in cancer and motivates a strategy for cancer therapy with EGFR-blocking agents, including mAbs targeting exEGFR and small molecules targeting the EGFR intracellular domain [19] [20] [21] .
To develop mAb alternatives for cancer therapy, a representative adnectin (Adnectin 1) that specifically binds EGFR was generated using the mRNA display technique [22, 23] . As a requirement in therapeutic drug development, the EGFRAdnectin 1 interaction was previously characterized, in this case by X-ray crystallography, revealing the binding epitope to be distinct from those of approved mAbs [22] . Although Xray crystallography is often regarded as the "gold standard" for structure determination, it has limitations. For example, crystallization is sometimes difficult for certain antigen-antibody complexes and requires a relatively large amount of protein. Furthermore, whether contacts from crystal structures faithfully represent biologically relevant protein-protein interfaces is questionable [24, 25] . Another approach, site-directed mutagenesis [26] , is labor intensive and could cause false positives because the protein is submitted to modifications, some of which could affect structure. Binding assays [27] and the multiple peptide synthesis (PEPSCAN) method [28] are often restricted to linear (continuous) epitopes, and are likely to fail when facing conformational (discontinuous) epitopes, characterization of which requires maintaining the native structure of both antigen and antibody. Limited proteolysis [29] followed by MS analysis is another approach but of low resolution.
There is a growing interest in mass-spectrometry-based methods for mapping epitopes and other protein-ligand interactions. Two appropriate approaches are hydrogen-deuterium exchange (HDX) [30] [31] [32] [33] [34] [35] [36] and oxidative labeling (e.g., OH radicals, FPOP) [37] [38] [39] [40] . These methods are sensitive, can accommodate large proteins, and can be used with the protein in native or near-native states. For example, the epitope of EGFR binding to Adnectin 1 was mapped by Iacob and Engen using HDX MS, presented in a companion paper, and the results correlate well with the structure from X-ray crystallography. Oxidative labeling has advantages because the labeling is fast, irreversible, and residue-level information can often be generated. Fast oxidative labeling (millisecond time scale) was first established by Chance and coworkers [41] by radiolytic modification. Photochemical labeling initiated by laser irradiation of H 2 O 2 was later developed by different groups [42] [43] [44] . Of those methods, fast photochemical oxidation of proteins (FPOP), developed by Hambly and Gross [44] , uses a flow system and controls the radical life to~1 μs by introducing a radical scavenger to prevent excessive labeling. Recently, Jones and Gross [40] reported the use of FPOP coupled to MS to map the conformational epitope of the serine protease thrombin and showed results that are consistent with those from HDX.
In this paper, we describe the use of FPOP to map the epitope of exEGFR-Adnectin 1 complex. To accomplish the mapping, we modified the experimental conditions from traditional FPOP settings to allow measurement in formulationrelevant conditions and to produce a moderate amount of oxidation of exEGFR even in the presence of the adnectin. The FPOP data are largely consistent with the X-ray crystallography results, which show that the epitope binds at the N terminus in Domain I, as shown by decreased modifications upon Adnectin 1 binding. In addition, FPOP also revealed changes of a residue located outside the previously determined binding interface, F24, which may be due to an allosteric change in side-chain orientation that produces decreased solvent accessibility.
Experimental
Materials and Reagents
Hydrogen peroxide (30%), formic acid, trifluoroacetic acid, Lhistidine, L-glutamine, L-methionine, catalase, phosphatebuffered saline, ammonium bicarbonate, dithiothreitol (DTT), iodo-acetamide (IAA), and HPLC-grade solvents were purchased from Sigma Aldrich (St. Louis, MO, USA Human exEGFR (residues 1-642) was expressed in Sf9 cells mammalian cells with a C-terminal His tag and purified as described previously [22] . It was supplied in phosphate buffer saline (PBS:137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 (pH 7.2). Adnectin 1 was supplied in PBS buffer (pH 7.2). Its expression and purification were described previously [22] .
FPOP Labeling of Proteins
exEGFR and Adnectin 1 were mixed together at a 1:1 molar ratio at 50 μM concentration (K d~2 nM [22] ) and incubated for 1 h at room temperature. FPOP labeling of proteins was performed on the same day under the same conditions. Each sample started with 5 μM protein reconstituted in 1× PBS containing 350 μM His and 20 mM H 2 O 2 . H 2 O 2 was added just prior to infusing the solution into the tubing for FPOP. FPOP was performed as described previously [44, 45] . The KrF excimer laser power (GAM Laser Inc., Orlando, FL, USA) was adjusted to 44 mJ/pulse, and its pulse frequency set to 6.5 Hz. The width of the laser beam at the clear sample tube window was 1.8 mm. The flow rate was adjusted to 15 μL/min to ensure a 20% exclusion volume to avoid repeated •OH exposure and reaction [43] . All collections were in vials containing 10 mM catalase and 20 mM Met to reduce left-over H 2 O 2 . For each state, exEGFR with Adnectin 1 and exEGFR alone, three separate samples were made and submitted to FPOP labeling. In addition, three control samples for exEGFR alone were handled in the same manner, but they were not laser-irradiated. All samples were stored at −80°C after solvent evaporation if they were not directly subjected to trypsin digestion.
Proteolysis
A 20 μL aliquot of each FPOP-labeled exEGFR sample was mixed with 2 μL of RapiGest SF and incubated at 80°C for 15 min. The samples were reduced with 10 mM dithiothreitol (2 μL of 10 mM solution) at 55°C for 30 min, alkylated with 23 mM iodoacetamide (2 μL of 300 mM solution) in the dark at RT for 30 min, and deglycosylated with 2 μL PNGsae F at 37°C for 2 h. Solutions of 40 μL of 1× PBS and 24 μL of 0.1 M ammonium bicarbonate were then added to each aliquot to bring the pH to~8. Samples were digested overnight with the trypsin/Lys-C mix at an enzyme:protein ratio of 1:25. The reaction was quenched with trifluoroacetic acid (TFA) to give a final concentration of 1%. An aliquot of 30 μL of the digested samples was cleaned up with NuTip C-18 zip tips (Glygen Corp., Columbia, MD, USA) and eluted into 30 μL of 60% acetonitrile/40% H 2 O/0.1% formic acid (FA). The eluent was dried and reconstituted in 30 μL of water with 0.1% FA for autosampler loading and subsequent analysis.
Mass Spectrometry
For peptide and residue level analysis of labeled exEGFR, samples were analyzed on a LTQ Orbitrap XL (Thermo Fisher, San Jose, CA, USA) operated in data-dependent acquisition mode. An aliquot of 5 μL of each sample was loaded by the autosampler onto and eluted from a 15 cm column with a PicoFrit tip (New Objective, Inc., Woburn, MA, USA), custom-packed with C18 reversed phase material (Magic, 0.075 mm×150 mm, 5 μm, 100 Å; Michrom Bioresources Inc., Auburn, CA, USA); the chromatograph was an Ultra 1D+ UPLC (Eksigent, Dublin, CA, USA). Peptides were eluted by a 95 min, 260 nL/min gradient coupled to the nanospray source. The gradient started with a linear increase from 2% of solvent B (CH 3 CN/0.1%FA) to 32% in 65 min, and then to 90% in 13 min, held at 90% B for 5 min, and re-equilibrated to solvent A (H 2 O/0.1%FA) for 12 min. Mass spectra were obtained at high mass resolving power (60,000, FWHH, for ions of m/z 400), and the six most abundant ions eluting per scan were subjected to CID MS 2 in the ion trap, with charge-state rejection of +1 ions enabled. Precursor ions were added to a dynamic exclusion list for 12 s to ensure good sampling of each elution peak.
Adjustment of the Scavenger for FPOP
FPOP used an excimer laser to photolyze hydrogen peroxide to give two OH radicals; the H 2 O 2 was added in low concentration to the protein solution, to form hydroxyl radicals [44, 46] . To control the radical lifetime, a pulsed laser and selected scavenger of 20 mM Gln were used for protein labeling at a microsecond time scale, faster than protein unfolding [45] . There were concerns, however, regarding the impact of high concentration of Gln on protein conformation and behavior and whether it faithfully mimicked the protein native state.
Thus, His, a common reagent in protein formulation buffers, was selected to replace Gln as a scavenger in the FPOP experiments. Because the reaction rate constant of •OH with His is larger than that with Gln, His was expected to be a more efficient scavenger than Gln and to work at lower concentrations. To determine the concentration of His as an alternative to the previously used 20 mM Gln scavenger, each sample started with 10 μM WNV E DIII (a model protein), 20 mM H 2 O 2 , and different concentrations of His (200 μM, 350 μM, 500 μM) or 20 mM Gln in 1× PBS. The traditional FPOP condition with 20 mM Gln was included to serve as a positive control. After FPOP labeling, protein-level analysis of labeled WNV E DIII was performed on a Bruker Maxis 4G MS (Bruker Biosciences Corporation, Billerica, MA, USA). Samples were trapped on a 2× 15 mm C8 trap column (Agilent, Santa Clara, CA, USA) and desalted with a 3 min flow. A 5 min linear gradient of 4%-40% CH 3 CN in 0.1% formic acid was used to elute the sample for protein-level analysis. The peak corresponding to +8 charge state (Supplementary Figure S1 ) from the global mass spectrum was used for data analysis Global analysis with the custom program afforded the fraction of unmodified protein after FPOP for all four conditions, as shown in Table 1 . The table indicates that 350 μM His gave the closest scavenging ability comparing to 20 mM Gln. According to previous studies [47] , one important criterion indicating the sampling of a single (native) conformation of the protein is the Poisson distribution of +0, +16, +32 species after FPOP labeling. Therefore, a more rigorous analysis was conducted, presented in the Supporting Information section, to model the product distribution for all four experiments. The goodness of the fit was indicated by the "Poisson distribution factor" in Table 1 , for which a value closer to "1" indicated the better fit. The result also indicated the suitability of 350 μM His as a scavenger for FPOP experiments.
Data Analysis for FPOP Labeling of exEGFR
The .raw MS files were converted to .mgf files and profile mzXML files by using MassMatrix Mass Spec Data File Converter. The .mgf files of control samples were searched using MASCOT (Matrix Science, London, UK) against a custom-built database containing the sequence of exEGFR for sequence coverage and including deamidation at Asn or Gln, which results from N-deglycosylation in the sample handling. Oxidation at Met was also added as a variable modification. The alkylation of the samples with iodo-acetamide added a carbamidomethyl group (MW = 57.0214) to cysteines; therefore, it too was set as a fixed modification in the search. Several Asn residues were found to be entirely deamidated to form Asp or isoAsp, and they were changed in the sequence from N to D for further FPOP modification analysis. The profile mzXML files of all samples were then searched against the modified sequence for labeled and unlabeled exEGFR tryptic peptides by using ProtmapMS 2.1 (Case Western Reserve University, Cleveland, OH, USA) with oxidative mode set to 2, meaning up to two variable modifications were allowed to occur on the same peptide. All known hydroxyl radical side-chain reaction products [48] [49] [50] were added to the modification database for searching as variable modifications. Carbamidomethyl group modification on Cys was added as a fixed modification. From the identified modifications on each tryptic peptide (Table S1 , Supporting Information), the intensities of signals for the modified (I ox ) and the unmodified species (I) for each peptide were then read from the raw data files. The extents of modification at peptide level were calculated by using the following equation [51] :
Quantitative analysis of oxidative labeling at the residue level was also performed for regions that showed differences in extent of modification at the peptide level between exEGFR alone and exEGFR with Adnectin 1. Modification sites on the peptide were assigned with MS 2 information. In a few cases, where location of a modification to a single residue was not possible owing to limited fragmentation information from MS 2 or to the presence of interference from co-elution of peptide isomers, the modification was indicated to occur on a set of possible residues.
Results and Discussion
FPOP Labeling and Analysis of exEGFR
FPOP is a chemical footprinting approach that uses short-lived OH radicals to "snapshot" the state of a protein or a protein complex. Hydroxyl radicals probe the solvent accessibility of the protein because its size is similar to that of water molecules, and its high reactivity allows modification of up to 14 of 20 amino acids. In the presence of a scavenger, the radical lifetime is controlled to the μs timescale, which allows fast sampling presumably of a single state of the protein. In most FPOP footprinting experiments, the comparison is two-state; that is, of the same site of a protein existing in two states to reveal changes in solvent accessibility.
By introducing an irreversible modification, the FPOPintroduced label is maintained during post-labeling sample handling, making it adaptable to a typical "bottom-up" proteomics methodology of proteolysis and LC/MS/MS. This robustness is important for membrane and secreted proteins containing complex glycosylation and other modifications, which are important for the structural and functional roles of the protein [52] . The diversity of glycan modifications often adds to the difficulty of data processing in proteomics studies. In the case of exEGFR, we found that without a deglycosylation step, trypsin digestion followed by typical database searching gave only 74% sequence coverage. Missing were several regions between AA320 to AA550. Interestingly, these missing regions all contain a "NXT" sequence, which is the common site for N-glycosylation. Therefore, we added a deglycosylation step before trypsin digestion to bring the coverage up to 89%, yet still missing several short regions containing multiple Lys or Arg residues (Supplementary Figure S2) .
Epitope Mapping of exEGFR-Adnectin 1
We first performed FPOP labeling of exEGFR with 350 μM His as scavenger in the absence of Adnectin 1 and analyzed the oxidation extent at the peptide level to evaluate the labeling efficiency. This is important because different proteins contain different reactive sites; therefore, we may require different concentrations of scavengers to achieve a proper modification extent. Because exEGFR is much larger in size than WNV E DIII, EGFR is unlikely to get over-oxidized but possibly underoxidized under the same scavenger concentration. Therefore, we only studied the oxidation extent but did not perform distribution analysis for the peptides after FPOP labeling. The results showed that moderate oxidation, between 0% and 25%, can be achieved for all peptides (darker bars in Figure 1 ). This outcome is the basis for a more detailed FPOP study of the two states.
When comparing the modification extent of the two states of exEGFR, we used the Student t-test on the sets of triplicates of Table S2 . We found a decrease in modification extent at the N-terminus for 2 of the 42 tryptic peptides of exEGFR upon Adnectin 1 binding, namely, for peptides 14-29 and 57-74 ("**" in Figure 1 ), for which the P-values are 0.006 and 0.007, respectively. On the contrary, most of the other peptides have larger P-values (Supplementary Table S2 ), indicating no significant difference in oxidation extent between the free and bound states of exEGFR. Three other peptides, namely, 75-84, 115-125, and 323-333, also have relatively small P-values (0.03 G P G 0.05) compared with most of the data ("*" in Figure 1 ), showing a similar trend of increased protection in the bound state. These differences are too small, however, and might be caused by structure fluctuations upon Adnectin 1 binding rather than by interactions at the direct binding site. Noteworthy is that the modification extents for both states presented here are already adjusted by deducting the modification percentage in the control samples from them, in an effort to exclude oxidation introduced during sample handling. The reduced reactivity at those two regions indicates reduced solvent accessibility upon binding, suggesting that they are at or near the location of the binding site with Adnectin 1, assuming no allosteric effects are occurring.
To obtain residue-specific information of the binding site, we performed residue-level analysis on the two regions that showed different modification extents for the two states. For example, the extracted ion chromatograms (EIC) and the corresponding mass spectra of peptide 14-29 (unmodified and +16 modified) are shown in Figure 2a and b, respectively, indicating a mass shift of 15.9936 Da after modification. To assign residue-specific information to peptides eluting at each peak in the EIC, a single MS/MS scan of the +16 species at one elution time is used. An example product-ion spectrum of peptide 14-29 with a +16 modification from a single sampling (peak 1 in Figure 2a ) is shown in Figure 3a . Two product ions at m/z 725.5 and 790.0, assigned as y 12 and y 13 + 16, respectively, indicated the +16 modification is on L17. This assignment is also supported by other fragment ions, such as b 3 and b 4 + 16. Similarly, Figure 3b shows an isomeric peptide with a +16 modification eluting at a different time (peak 2 in Figure 2a ) and demonstrating that another oxidative modification occurs at a different location, here shown to be F20. In some cases, the product-ion spectrum was insufficiently informative for the assignment of the modification to a single residue. In that case, the modification was assigned to the narrowest region determined by fragment ions (e.g., region L17-H23). Worth mentioning is that positional isomers of the same residue modification are also separated in the EIC, and such peaks corresponding to the same site modification are added together for calculation.
A total of seven specific residues or short regions were identified to bear the oxidations in the regions represented by peptides 14-29 and 57-74; all but one showed protection upon Adnectin 1 binding (Figure 4) . A similar Student t-test also performed on the seven residues evaluated the significance of the observed differences between the two states (Supplementary Table S3 ). For peptide 14-29, residues L14, L17, F20, F24 were modified and showed different modification extents between the bound and unbound states (P ≤ 0.02), whereas another modification assigned to region L17-H23 showed no change between the two states (P = 0.2). In addition to the N-terminal residues, L69 from peptide 57-74, assigned with MS/MS, was also found to undergo decreased solvent accessibility and labeling extent upon Adnectin 1 binding (P = 0.03). There is another +16 modification of peptide 57-74, but we were unable to determine its location from the MS/MS information.
Epitope Detected by FPOP Labeling Versus by Other Methods
To compare the epitope of EGFR bound to Adnectin 1 as determined by FPOP labeling and crystallography, we mapped the five residues identified to undergo decreased labeling upon Adnectin 1 binding on the crystal structure of exEGFR-Adnectin 1 (PDB: 3QWQ, Figure 5 ). Four of the five residues, L14, L17, F20, and L69, lie at the interface of the two species when mapped onto the exEGFR-Adnectin 1 crystal structure ( Figure 5 ). Specifically, the differential modification of L17 from FPOP labeling is consistent with the crystallography study [22] , which shows that L17 interacts with K79 of Adnectin 1 via H-bonding. The crystallography also pinpoints several neighboring residues (T15, Q16, and G18) that interact with Adnectin 1 via H-bonding, and others (L14, L69, S99, and Y101) that interact via van der Waals forces. Information on T15, Q16, and G18 was not obtained, however, by FPOP labeling owing to a lack of reactivity Figure 4 . Extent of modification of EGFR alone (dark bars) compared with Adnectin 1-bound EGFR (light bars) at the residue level for regions that showed labeling differences between the two states at peptide level of these residues. Although FPOP resolved interactions involving L14 and L69, it was silent concerning S99 and Y101 because these residues show little reactivity; evidence for oxidation on those two residues was unclear because of interference from the highly oxidized M87 (located in an exposed loop) on the same peptide in the LC chromatogram. F20, although not thought to interact with ligands of EGFR, is at the buried surface of Adnectin 1 binding determined by crystallography and, therefore, shows decreased solvent accessibility in the complex. The last residue, F24, changing its solvent accessibility as identified by FPOP, however, is distant to the putative EGFR-Adnectin 1 interface according to the crystal structure. The decrease in labeling extent on F24 may be due to a change of side-chain orientation that leads to decreased solvent accessibility or a slight change in solvent accessibly (from small to smaller) allosterically controlled by Adnectin 1 binding. Comparing the epitope mapped by HDX (in the companion paper) and by FPOP labeling, we also found good consistency. HDX MS coupled with ETD achieved epitope mapping at residue level, and the most important interaction site was assigned as K13 to Q16. Noteworthy is that unlike HDX, FPOP labeling is a measure of solvent accessibility of a side chain whereas HDX responds to changes in H-bonding of the protein backbone. Therefore, the two methods provide orthogonal information in epitope mapping, and both can complement other epitope mapping methods, such as X-ray crystallography, but reveal more relevant solution binding.
Conclusion
As a relatively new protein footprinting method, FPOP is less studied than HDX in applications involving mapping epitopes of protein antigens. In this application, we make two-state (bound and unbound) comparisons of labeling extents at identical sites. The comparisons reflect changes in solvent accessibility accompanying intermolecular interactions or allosteric changes [47] . The irreversible nature of FPOP labeling allows for complicated sample handling before MS detection, including deglycosylation, digestion, and long chromatography. This attribute is particularly important when dealing with complex samples and achieving good coverage and detailed CID analysis for residue-specific information. Here, we demonstrated the successful application of FPOP in mapping the epitope of EGFR-Adnectin 1 complex, showing largely consistent results with that from X-ray crystallography and HDX studies but revealing an additional interaction site. Five residues or short regions show decreased modification extent upon Adnectin 1 binding; of these, four lie in the binding interface determined by the crystal structure. The other (F24) is possibly caused by a change in side-chain orientation or a decrease in solvent accessibility when bound. One advantage of MS-based protein footprinting is that it can sample physiologic mixtures. Therefore, FPOP and/or HDX can be used as stand-alone methods or in conjunction with crystallography to elucidate confidently specific binding sites of antigens in a physiologicalrelevant solution state.
